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ABSTRACT An important component of cytokine regu-
lation of cell growth and differentiation is rapid transcrip-
tional activation of genes by the JAK-STAT (signal transducer
and activator of transcription) signaling pathway. Ligation of
cytokine receptors results in tyrosine phosphorylation and
activation of receptor-associated Jak protein tyrosine kinases
and cytoplasmic STAT transcription factors, which then
translocate to the nucleus. We describe the interruption of
cytokine triggered JAK-STAT signals by cAMP, the calcium
ionophore ionomycin, and granulocyte/macrophage colony-
stimulating factor. Jak1 kinase activity, interleukin 6-induced
gene activation, Stat3 tyrosine phosphorylation, and DNA-
binding were inhibited, as was activation of Jakl and Statl by
interferon vy. The kinetics and requirement for new RNA and
protein synthesis for inhibition of interleukin 6 by ionomycin
and GM-CSF differed, but both agents increased the associ-
ation of Jakl with protein tyrosine phosphatase 1D (SH2-
containing phosphatase 2). Our results demonstrate that
crosstalk with distinct signaling pathways can inhibit JAK-
STAT signal transduction, and suggest approaches for mod-
ulating cytokine activity during immune responses and in-
flammatory processes.

An important advance in understanding the mechanism by
which cytokines regulate cells has been the identification and
characterization of the JAK-STAT (signal transducer and
activator of transcription) signal transduction pathway (1-5).
The binding of many cytokines and growth factors to their
receptors activates Janus kinases (Jaks), which are protein
tyrosine kinases that are physically associated with the recep-
tor. Typically, stimulation by a particular cytokine results in the
activation of a distinct pair of two of the four known Jaks. Jak
kinases are required for tyrosine phosphorylation and activa-
tion of latent cytoplasmic transcription factors termed STATS.
STATs are rapidly tyrosine phosphorylated after stimulation
with cytokines, and subsequently dimerize and translocate to
the nucleus, where they can activate transcription.

Six distinct but homologous members of the STAT family
have been identified and designated Stat1 through Stat6 (1-5).
Most STAT:s are widely expressed in a variety of cell types. An
individual STAT protein may be activated by multiple ligands,
but certain ligands preferentially activate particular STATS.
For example, interferon (IFN) vy preferentially activates Stat1
(1), interleukin (IL) 6 preferentially activates Stat3 (6, 7), and
IL-4 preferentially activates Stat6 (8). The interaction of STAT
SH2 domains with receptor sequences is an important deter-
minant of the specificity of STAT activation (4).

Recent work has shown that regulation of JAK-STAT
signaling is more complex than activation of specific STATSs in
response to ligation of receptors of the cytokine receptor
superfamily (4, 9-22). Enhanced STAT activity in cells trans-
formed by human T-lymphotropic virus type I or by v-Src or
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v-Abl oncoproteins, and after ligation of the G protein-
coupled angiotensin II receptor (9-12), suggest that signaling
pathways in addition to those. triggered by cytokines may be
important in activation of STAT DNA-binding. Crosstalk and
convergence with different signaling pathways, such as mito-
gen-activated protein kinase pathways, that regulate serine
phosphorylation of STATs may be important for full activation
of DNA-binding or transcriptional activity (13-16). Further-
more, cellular differentiation over several days or exposure to
immune complexes can result in altered activation of the
JAK-STAT pathway and altered cellular responses to cyto-
kines (17-22). We have begun to explore whether cytokine
activity can be modulated or inhibited by interrupting signaling
through the JAK-STAT pathway. Our results show that sev-
eral different signaling pathways can interrupt JAK-STAT
signaling, likely at a proximal step, by inhibiting Jak1 kinase
activity.

MATERIALS AND METHODS

Cell Isolation and Culture. Mononuclear cells (MNC) from
disease-free volunteers were obtained from whole blood or
buffy coats (New York Blood Center) by density gradient
centrifugation using Ficoll metrizoate (Lymphoprep; GIBCO/
BRL). Monocytes were purified by depleting T cells using
rosetting with sheep red blood cells, followed by negative
selection with magnetic beads against remaining T and B cells
(Dynal, Great Neck, NY). Monocytes were >80% pure as
determined by flow cytometry. MNC or monocytes were
cultured at a cell density of 1-2 X 107 cells/ml in complete
medium (RPMI medium 1640 supplemented with 10% fetal
bovine serum) and stimulated with agents and cytokines, as
detailed in the figure legends.

DNA Binding Assays. Cell extracts were prepared by lysis in
buffer containing 20 mM Hepes (pH 7.0), 300 mM NaCl, 10
mM KCl, 1 mM MgCly, 0.1% Triton X-100, 0.5 mM DTT, 200
mM phenylmethylsulfonyl fluoride, and 20% glycerol as de-
scribed (23). The protein concéntration of extracts was deter-
mined using the Bradford assay (24) and 8 ug of extract was
incubated with 0.5 ng of 3?P-labeled double-stranded oligonu-
cleotide probe as described (23). In supershift experiments, 1
wl of a 1:10 dilution of specific antiserum (6) was added to
extracts for 15 min before adding radiolabeled probe. Samples
were resolved on 4.5% polyacrylamide gels in 0.25X TBE
buffer at 11 V/cm at room temperature.

Northern Blot Hybridization Analysis. Total cellular RNA
was isolated using RNAzol (Cinna/Biotecx Laboratories,
Friendswood, TX) according to the instructions of the man-
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ufacturer. RNA (5 ug) was fractionated on 1.2% formaldehyde
agarose gels, transferred to Hybond-N membranes, and hy-
bridized with random primer labeled (Boehringer Mannheim)
cDNA probes using standard techniques, as described (23).

Immunoprecipitations and Immunoblotting. Extract vol-
ume was adjusted to 500 ul using extraction buffer supple-
mented with 2 mM sodium orthovanadate, 10 mM NaF, and
protease inhibitors (23), 500 ul of H>O was added, and extract
was incubated with 1-2 ul of preimmune serum, 1 ul of Stat3
antiserum (6), 2 ul of Jak 1 antiserum (25), or 4 ug of affinity
purified protein tyrosine phosphatase (PTP) 1D antibodies
(Santa Cruz Biotechnology) at 4°C for 2 hr. Immunoprecipi-
tates were collected using protein A- and protein G-agarose
beads (Pierce), washed three times with 0.5 X extraction buffer
with phosphatase and protease inhibitors, once with PBS,
fractionated on an SDS/7.5% polyacrylamide gel, and trans-
ferred to polyvinylidene fluoride membranes (Amersham).
Antiphosphotyrosine antibody 4G10 (1 pg/ml; Upstate Bio-
technology, Lake Placid, NY) or monoclonal anti-PTP 1D
antibody, or a 1:1000 dilution of Stat3 or Jak1 antiserum was
used for immunoblotting. Detection was by the Enhanced
Chemiluminescence kit (Amersham). Similar results were
obtained using different antibodies against the same proteins
(Transduction Laboratories, Lexington, KY).

In Vitro Kinase Assays. Cells were lysed in buffer (26)
containing 0.5% Nonidet P-40, 10% glycerol, 50 mM Tris-HCl
(pH 8.0), 200 mM NacCl, 0.1 mM EDTA, 1 mM DTT, 1 mM
sodium orthovanadate, and protease inhibitors. Preimmune or
Jak1 antiserum (2 ul) was used and immunoprecipitates were
washed twice with lysis buffer, twice with kinase buffer (26)
containing 50 mM NaCl, 5 mM MgCl,, 5 mM MnCl,, 0.1 mM
Na3;VO,, 10 mM Hepes (pH 7.4), resuspended in 40 ul of
kinase buffer, and incubated at room temperature for 30 min
with 100 uCi (1 Ci = 37 GBq) of [y-32P]ATP. Proteins were
resolved by SDS/PAGE and 3?P-labeled proteins were de-
tected by autoradiography.

RESULTS

Inhibition of IL-6 by Ionomycin, cAMP, and Granulocyte/
Macrophage Colony-Stimulating Factor (GM-CSF). We
screened a panel of cytokines and compounds for the ability to
inhibit activation of STATSs by IL-6, a cytokine that activates
Statl and Stat3, and plays an important role in immune and
inflammatory responses (6, 7, 23, 27). Stimulation of freshly
isolated blood MNC with inflammatory synovial fluid (SF)
(23) or purified recombinant IL-6 resulted in the induction of
protein complexes that bound to the high affinity serum-
inducible element (hSIE) oligonucleotide (6) that preferen-
tially binds Statl and Stat3 (Fig. 14, lanes 2 and 9). These
complexes reacted specifically with Stat1 and Stat3 antisera (6)
(lanes 3 and 4), and we have previously shown that SF-
induction of Statl and Stat3 is mediated solely by IL-6 (23).
Thus, IL-6 activated both Statl and Stat3 in mononuclear
blood cells, and subsequent experiments showed that IL-6
activated predominantly Stat3 in purified monocytes, and
Statl in purified T cells (data not shown). Of greater than 20
agents tested for inhibitory activity, three agents, CAMP, the
calcium ionophore ionomycin, and GM-CSF, inhibited IL-6-
induced binding of Stat1 and Stat3 (Fig. 14, lanes 5-7, 10, and
11; a representative experiment from over 20 different blood
donors tested is shown).

DNA-binding activity of STATs depends primarily upon
tyrosine phosphorylation (1-5), although serine phosphoryla-
tion may be important in modulating binding affinity of Stat3
(13). We analyzed tyrosine phosphorylation of Stat3 using
immunoprecipitation from cell lysates, followed by phospho-
tyrosine immunoblotting (Fig. 1B). Tyrosine phosphorylation
of Stat3, which was induced by IL-6 (lane 2) or by SF (lane 5),
was completely inhibited by ionomycin and partially inhibited
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FiG. 1. Inhibition of IL-6 activation of STATs and FcyRI expres-
sion. (A). Freshly isolated blood MNC were incubated for 1 hr in
complete medium with 1 mM 8-Br-cAMP, 200 unit/ml GM-CSF, or
1 pg/ml ionomycin, followed by a 15-min exposure to SF (containing
IL-6) or 20 ng/ml of IL-6. Cell extract (8 ng) was assayed for binding
to a radiolabeled hSIE oligonucleotide (containing a STAT binding
site) using gel shift assays. In lanes 3 and 4, 1 ul of a 1:10 dilution of
specific anti-Statl or anti-Stat3 antiserum (6) was incubated with
extracts for 15 min before adding radiolabeled probe. (B) Extracts
obtained from 108 MNC were immunoprecipitated with Stat3 anti-
serum and immunoprecipitates were analyzed using immunoblotting
with antiphosphotyrosine antibodies. Membranes were stripped and
reprobed with Stat3 antiserum. (C) Cells were harvested 6 hr after
addition of IL-6, and 5 ug of total cellular RNA was fractionated on
an agarose formaldehyde gel, transferred to a nylon membrane, and
hybridized with radiolabeled cDNA probes.

by GM-CSF (lanes 3, 4, and 6). The extent of inhibition of
tyrosine phosphorylation correlated with the extent of inhibi-
tion of DNA-binding in the same experiment (Fig. 14, lanes
9-11). Reprobing the filters with Stat3 antiserum demon-
strated comparable levels of immunoprecipitated Stat3 in all
lanes (Fig. 1B Lower). Thus, inhibition of Stat3 DNA-binding
activity was achieved primarily through inhibition of tyrosine
phosphorylation. Analysis of IL-6 receptor expression showed
that inhibition was not secondary to down-regulation of IL-6
receptors (data not shown).
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The effect of inhibiting Statl and Stat3 activation upon the
expression of an IL-6- and SF-inducible gene, FcyRI, was
investigated. cAMP, ionomycin, and GM-CSF inhibited the
induction of FcyRI mRNA levels by IL-6 or SFs (Fig. 1C) and
also inhibited induction of cell surface expression of FcyRI
(data not shown). Thus, these agents block IL-6 activity and
have functional consequences for cellular responses to this
cytokine. Since the FcyRI gene is primarily transcriptionally
regulated and its promoter contains a sequence that binds
Statl and Stat3 and is important for transcriptional activation
(23, 28), the block in STAT activation likely contributes to the
inhibition of induction of FcyRI mRNA levels. However, the
strong inhibition of FcyRI mRNA expression by cAMP, which
only partially blocked STAT activation, suggests that addi-
tional pathways may be inhibited. These results show that at
least two distinct major cellular signaling pathways that can
inhibit immune responses (29-32), those involving the serine
protein kinases, calmodulin kinase, and protein kinase A, can
inhibit STAT DNA-binding activity, and inhibition has impor-
tant functional consequences for the expression of IL-6 reg-
ulated genes.

Inhibition of Jakl Kinase Activity and Activation of Statl.
The effect of ionomycin and GM-CSF on components of the
IL-6 signaling pathway was examined. Monocytes were used
because pilot experiments showed that monocytes were more
susceptible to inhibition than other cell types contained in
MNC and cell lines (data not shown). Jak kinases are associ-
ated with cytokine receptors (1-5), and activation of Jak1 is
necessary for IL-6 signal transduction and activation of STATSs
(26). Immunoprecipitation and in vitro kinase assays revealed
Jakl kinase activity that was detected only when specific
anti-Jak1l antiserum (25) was used, was present at baseline
after culture in complete medium (containing serum growth
factors), and increased minimally after stimulation with 20
ng/ml of IL-6 (Fig. 24 Upper, lanes 1-3). Jak1 kinase activity
corresponded to Jak1 tyrosine phosphorylation detected after
immunoprecipitation with several anti-Jakl antibodies (data
not shown). Treatment with ionomycin and GM-CSF resulted
in decreased Jak1 kinase activity (Fig. 24). Comparable levels
of immunoprecipitated Jak1 were verified using immunoblot-
ting with a fraction of immunoprecipitated samples (Fig. 24
Lower).

In contrast to treatment with 20 ng/ml of IL-6 (the minimal
dose required to fully activate Stat3), treatment with 20 ng/ml
(500 units/ml) of IFN-vy induced a robust increase in Jak1l
kinase activity (Fig. 2B Middle). IFN-vy-induced kinase activity
was inhibited by ionomycin and GM-CSF, but residual kinase
activity remained, and Statl activation by IFN-y was only
minimally inhibited (Fig. 2B Top). Dose response experiments
showed that activation of Statl DNA-binding by IFN-y was
near maximal at doses as low as 1 unit/ml (data not shown).
Fig. 2C shows that addition of 1 unit/ml of IFN-vy resulted in
Statl activation, but no increase in Jakl kinase activity was
detected, even when baseline kinase activity was low in cells
cultured in the absence of serum. Higher doses of IFN-y
minimally increased levels of DNA-binding, despite a substan-
tial induction of Jak1 kinase activity (Fig. 2C); the apparent
relatively low level of activation of Jakl by 500 unit/ml of
IFN-vy was secondary to inefficient immunoprecipitation (Fig.
2C Bottom). Activation of Statl by low doses of IFN-y was
inhibited by ionomycin (Fig. 2D).

These data show that ionomycin and GM-CSF inhibit Jak1
kinase, a proximal molecule in the signaling pathways of IL-6,
IFN-v, and many cytokines, and suggest that a near complete
block in kinase activity is required to block activation of Stat1
and Stat3. An important role for Jak1 expression and kinase
activity in the activation of Statl and Stat3 has been demon-
strated using a genetic approach with cells that do not express
Jakl or express a kinase-deficient Jakl mutant (1, 26, 33).
Activation of Stat3 by IL-6 and Stat1 by IFN-y occurred with
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FiG. 2. Regulation of Jakl kinase activity by ionomycin and
GM-CSF. (4) Monocytes were incubated for 1 hr in complete medium
with 1 ug/mlionomycin or 200 unit/ml GM-CSF, followed by a 15-min
stimulation with 20 ng/ml of IL-6. Extracts from 2 X 107 monocytes
were immunoprecipitated with preimmune or Jakl antiserum (25),
followed by an in vitro kinase assay and analysis of Jakl autophos-
phorylation. A fraction of the immunoprecipitate was analyzed using
immunoblotting with Jak1 antiserum (Lower). (B) IFN-vy (500 units/
ml; 20 ng/ml) was used and extracts were assayed for binding to the
hSIE oligonucleotide before immunoprecipitation and kinase assay.
(C) Monocytes were treated with IFN-vy for 10 min in serum-free
medium and cell extracts were assayed for DNA binding, followed by
immunoprecipitation and kinase assay. (D) Monocytes were treated as
in A and extracts assayed for binding to the hSIE oligonucleotide.

relatively low levels of Jakl kinase activity. Higher levels of
Jak1 activation require high doses of cytokine, such as 400
ng/ml IL-6 plus 500 ng/ml of soluble IL-6 receptor (26), and
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may be required for activation of additional signaling path-
ways, such as those leading to an antiviral state or cellular
proliferation, by Jak1 (5, 33). Inhibition of various signaling
pathways activated by Jakl will likely be determined by the
balance of Jakl activation by a particular cytokine and the
extent of inhibition by ionomycin and GM-CSF.
Requirement of RNA and Protein Synthesis for Inhibition
by GM-CSF but Not by Ionomycin. The possibility that the
mechanism of inhibition of IL-6 by ionomycin and GM-CSF
involved crosstalk at the level of signal transduction was
analyzed in greater detail. We reasoned that if the JAK-STAT
pathway is inhibited directly by signals triggered by these
agents, inhibition should occur after a short preincubation and
should not require prior synthesis of a negative regulator.
Activation of Stat3 was inhibited by a 5-min treatment with
ionomycin but not with GM-CSF [Fig. 34; a dose of IL-6 5
(ng/ml) that does not activate Statl was used]. GM-CSF did
activate a STAT protein that bound only to the IRF oligonu-
cleotide (34) (Fig. 34), and likely represents Stat5 (2-5).
Preincubation with actinomycin D and cycloheximide, inhib-
itors of new RNA and protein synthesis, respectively, did not
affect the activity of ionomycin, but blocked the activity of
GM-CSF (Fig. 3B). These results suggest that a calcium-
triggered signal can directly inhibit JAK-STAT activation, but
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Fic. 3. Inhibition of IL-6 by ionomycin, but not by GM-CSF, is
rapid and independent of new RNA and protein synthesis. (4) MNC
were treated with inhibitors for 5 min before a 15-min stimulation with
5 ng/ml of IL-6 (a dose that activates only Stat3). Cell extracts were
assayed for binding to radiolabeled hSIE or IRF oligonucleotides
under binding conditions where binding of Stat3 to the IRF oligonu-
cleotide was not detected (23, 34). (B) Cells were incubated for 15 min
in the presence or absence of 5 ug/ml actinomycin D or 20 pg/ml
cycloheximide; ionomycin (1 pg/ml) or GM-CSF (200 unit/ml) was
added for 1 hr, followed by a 15-min stimulation with IL-6. In lanes 2-7,
MNC were stimulated with 5 ng/ml of IL-6, and in lanes 8-11,
monocytes (in which IL-6 activates predominantly Stat3) were stim-
ulated with 20 ng/ml of IL-6. DNA binding activity was assayed using
the hSIE oligonucleotide.
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the GM-CSF effect depends upon induction of a factor that
contributes to inhibition.

Regulation of Association of Jakl and PTP 1D by Inhibitors.
PTP 1D (also termed SH-PTP2, Syp, or SHP2) interacts with
the gp130 signaling component of the IL-6 receptor (35, 36),
and also may associate with Jak kinases independently of
gp130, possibly through interactions with Grb2 (36, 37). PTP
1D/SHP2 may transmit both positive and negative signals (3,
38-43), and inhibition of signaling by PTP 1D would be similar
to negative regulation of erythropoietin and IFNa signaling by
the related phosphatase PTP 1C (SHP1) (44, 45). The inter-
action of PTP 1D with Jakl was investigated using coimmu-
noprecipitation assays. Ionomycin and GM-CSF treatment
resulted in increased coimmunoprecipitation of PTP 1D with
Jak1 (Fig. 44), and, in a reciprocal experiment, in increased
Jakl coimmunoprecipitation with PTP 1D (Fig. 4B). In-
creased coimmunoprecipitation was not detected after cCAMP
treatment (data not shown), consistent with a different pro-
posed mechanism of inhibition by cAMP (46). Immunopre-
cipitation of Jak1 or PTP 1D was not observed with irrelevant
antibodies (Fig. 4 A and B), and coimmunoprecipitation was
increased only under stimulation conditions that inhibited
binding: 1-hr incubation with ionomycin or GM-CSF or 5min
incubation with ionomycin, but not after a 5-min stimulation
with GM-CSF (Fig. 4B, lane 7), that also did not inhibit binding
activity (see Fig. 34). These observations were confirmed
using different antibodies to Jakl and PTP 1D, and coimmu-
noprecipitating gp130 was not detected (data not shown).
Furthermore, increased coimmunoprecipitation of Jakl with
PTP 1D after GM-CSF treatment (Fig. 4C Lower Left, lanes
1 and 2; the lower band in lane 2 corresponds to Jakl and
comigrated with Jakl protein in the control extract shown in
lane 4) was blocked by actinomycin D (Fig. 4C, lane 3), which
also blocked GM-CSF inhibition of Stat3 DNA-binding (Figs.
3B and 4C Right). The use of purified monocytes (2 X 107 cells
per immunoprecipitation) instead of MNC (10 X 107 cells per
immunoprecipitation) led to weak Jakl signals relative to a
more slowly migrating band (Fig. 4C), whose levels were not
regulated by GM-CSF or actinomycin D, and whose identity is
not currently known. These results provide further evidence
for the regulation of proximal signaling events by ionomycin
and GM-CSF, and suggest that PTP 1D may mediate inhibi-
tion by dephosphorylating and inactivating Jak1. This is similar
to inhibition of Jak kinases by PTP 1C (44, 45), except that
PTP 1D appears to be regulated by additional extracellular
signals.

DISCUSSION

An important role is emerging for convergence and crosstalk
between signaling pathways in the activation of STAT proteins
(4, 9-22). Our results show that grosstalk can also result in
inhibition of JAK-STAT signaling and cytokine activity. JAK-
STAT signaling was blocked by an antagonistic cytokine and
by signal transduction pathways that activate serine/threonine
kinases and are typically triggered by noncytokine ligands. The
mechanism involved inhibition of tyrosine phosphorylation of
STATs and of Jakl kinase activity. Interestingly, tyrosine
phosphorylation mediated by the insulin receptor, which con-
tains intrinsic kinase activity, is also inhibited by signals that
trigger serine phosphorylation, specifically of the IRS-1 mol-
ecule (47). IRS-1 is not known to participate in IL-6 or IFN-vy
signaling, but does play a role in signaling by IL-4, which is also
inhibited by ionomycin (T.K.S., unpublished data). The sub-
strates of serine/threonine kinases that mediate inhibition of
IL-6- and IFN-y-triggered JAK-STAT signaling remain to be
defined. Possible substrates include receptor chains, such as
gp130, and phosphatases, such as PTP 1D, both of which can
be modified by serine/threonine phosphorylation (39, 48).
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Treatment with ionomycin and GM-CSF resulted in inhibi-
tion of Jakl kinase, a proximal kinase in signaling pathways
activated by IL-6, IFN-v, and additional cytokines (1-5). Given
the strength of the genetic evidence linking activation of Jak1
and activation of STATS by IL-6 and IFN-vy (26, 33), it is likely
that STAT activation was prevented by a block upstream in the
signaling pathway, namely, inhibition of Jakl, rather than
increased dephosphorylation or turnover of activated STAT
molecules. Our data suggest that only low levels of Jak1 kinase
activity are necessary for activation of STAT DNA-binding
activity, and that kinase activity must be nearly completely
blocked to prevent activation of STATs. The apparent low
levels of Jak1 activity after stimulation with IL-6 and low doses
of IFN-v (Fig. 2) are likely secondary to activation of only a
small fraction of total cellular Jakl kinases after ligation of
IL-6 receptors (expressed at low levels) or after ligation of a
small fraction of IFN-y receptors by doses of IFN-y in the
0.2-1.0 unit/ml range.

Based upon the regulated interaction of PTP 1D and Jak1
and the reported activation of PTP 1D phosphatase activity
after binding to a substrate (39), it is plausible to propose that
PTP 1D may participate in inhibition of JAK-STAT signaling,
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FiG. 4. Ionomycin and GM-CSF induce an in-
creased association of Jakl with PTP 1D. (4 and B)
MNC were pretreated with 1 ug/ml ionomycin or 200
unit/ml GM-CSF for 1 hr before a 15-min stimulation
with 20 ng/ml of IL-6. Extracts from 108 MNC were
immunoprecipitated with preimmune, Jakl (4), or
PTP 1D (B) antisera, and immunoprecipitates were
analyzed using immunoblotting with the indicated
antibodies. (C) Purified monocytes were used, and
extracts from 2 X 107 monocytes were immunopre-
cipitated with PTP 1D antiserum. Lane 4 contains a
control extract to provide a marker for Jakl, and a
shorter exposure of the same filter is shown. (Right) A
DNA-binding assay using the same extracts as in lanes
1-3 at Left, but before immunoprecipitation.

possibly by dephosphorylating and inactivating Jakl. The
several-fold increased association of PTP 1D with Jakl, if
targeted to specific receptors, could account for the block in
STAT phosphorylation, espécially if potential activation of
phosphatase activity (up to 10-fold has been reported; ref. 39)
is taken into account. However, PTP 1D also has positive
signaling functions (38), and further work will be required to
delineate the exact role of PTP 1D in JAK-STAT signaling.
The increased association of PTP 1D with Jak1 after treatment
with ionomycin and GM-CSF provides further support for the
hypothesis that these agents affect early and proximal steps in
JAK-STAT signal transduction, before activation of STATS.
PTP 1D has been reported to interact with a number of
receptors, cytoplasmic molecules, and adaptor molecules (35,
36, 38—43), and it is possible that the Jak1-PTP 1D association
is mediated by intermediary molecule(s) or adaptor(s). Iono-
mycin and GM-CSF may function by inducing, respectively,
posttranslational modification or expression, of adaptor mol-
ecules that then associate with PTP 1D and Jak1. One obvious
candidate for an adaptor molecule, gp130, has not been
detected in coimmunoprecipitation experiments to date
(T.K.S., unpublished data). Another intriguing possible can-
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didate would be a molecule similar to or related to IRS-1,
which associates with both PTP 1D and Jak1 (49), plays a role
in signaling by insulin and IL-4, is regulated by serine phos-
phorylation, and inhibits insulin-triggered tyrosine kinase ac-
tivity (47).

In a physiologic setting where cells are exposed to numerous
stimuli simultaneously, transcriptional responses to cytokines
will be modulated by an interplay among synergistic and
antagonistic signals. Our results reveal one mechanism by
which cytokine signaling may be modified by different stimuli
or antagonistic cytokines through a block in the JAK-STAT
signaling pathway. Inhibition of cytokine-triggered transcrip-
tional responses likely plays an important role in modulation
of immune and inflammatory responses, and pharmacologic
blockade of JAK-STAT signaling may represent an effective
approach to therapy of inflammatory diseases.

We thank J. Edberg, N. Stahl, and Z. Zhong for helpful discussions,
and J. Bromberg, C. Horvath, and R. Kimberly for critical review of
the manuscript. Z. Zhong provided the STAT antisera and A. Zi-
emiecki provided the Jakl antiserum. This work was supported by
grants from the National Institutes of Health and the Arthritis
Foundation.

1. Darnell, J. E.,, Jr., Kerr, I. M. & Stark, G. R. (1994) Science 264,

1415-1421.

Taniguchi, T. (1995) Science 268, 251-255.

Ihle, J. N. (1995) Nature (London) 377, 591-594.

Ivashkiv, L. B. (1995) Immunity 3, 1-4.

Ihle, J. N. (1996) Cell 84, 331-334.

Zhong, Z., Wen, Z. & Darnell, J. E., Jr. (1994) Science 264, 95-98.

Akira, S., Nishio, Y., Inoue, M., Wang, X.-J., Wei, S., Matsusuku,

T., Yoshida, K., Sudo, T., Naruto, M. & Kishimoto, T. (1994) Cell

717, 63-71.

8. Hou, J., Schindler, U., Henzel, W. J., Ho, T. C., Brasseur, M. &
McKnight, S. L. (1994) Science 265, 1701-1706.

9. Migone, T.-S,, Lin, J. X,, Cereseto, A., Mulloy, J. C., O’Shea, J. J.,
Franchini, G. & Leonard, W. J. (1995) Science 269, 79-81.

10. Yu, C.-L., Meyer, D. J., Campbell, G. S., Larner, A. C., Carter-
Su, C., Schwartz, J. & Jove, R. (1995) Science 269, 81-83.

11. Danial, N. N, Pernis, A. & Rothman, P. B. (1995) Science 269,
1875-1877.

12. Marrero, M. B., Schieffer, B., Paxton, W. G., Heerdt, L., Berk,
B. C., Delafontaine, P. & Bernstein, K. E. (1995) Nature (Lon-
don) 375, 247-250.

13. Zhang, X, Blenis, J., Li, H.-C., Schindler, C. & Chen-Kiang, S.
(1995) Science 267, 1990-1994.

14. Wen, Z., Zhong, Z. & Darnell, J. E., Jr. (1995) Cell 82, 241-250.

15. Boulton, T. G., Zhong, Z., Wen, Z., Darnell, J. E,, Jr., Stahl, N.
& Yancopoulos, G. D. (1995) Proc. Natl. Acad. Sci. USA 92,
6915-6919.

16. David, M., Petricoin, E. III, Benjamin, C., Pine, R., Weber, M. J.
& Larner, A. C. (1995) Science 269, 1721-1723.

17. Lin,J.-X., Migone, T. S., Tsang, M., Friedmann, M., Weatherbee,
J. A, Zhou, L., Yamauchi, A., Bloom, E. T., Mietz, J., Jihn, S. &
Leonard, W. J. (1995) Immunity 2, 331-339.

18. Szabo, S. J., Jacobson, N. G., Doghe, A. S., Gubler, U. & Mur-
phy, K. M. (1995) Immunity 2, 665-675.

19. Azam, M., Erdjument-Bromage, H., Kreider, B. L., Xia, M.,
Quele, F., Basu, R., Saris, C., Tempst, P., Ihle, J. N. & Schindler,
C. (1995) EMBO J. 14, 1402-1411.

N wN

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.

34.

35.
36.
37.
38.
39.

41.
42.

43.

45.

47.
48.

49.

Proc. Natl. Acad. Sci. USA 93 (1996)

Feldman, G. M., Chuang, E. J. & Finbloom, D. S. (1995) J. Im-
munol. 154, 318-325.

Pernis, A., Gupta, S., Gollob, K. J., Garfein, E., Coffman, R. L.,
Schindler, C. & Rothman, P. (1995) Science 269, 245-247.
Bach, E. A, Szabo, S. J., Dighe, A. S., Ashkenazi, A., Aquet, M.,
Murphy, K. M. & Schreiber, R. D. (1995) Science 270, 1215-1218.
Sengupta, T.K., Chen, A.,: Zhong, Z., Darnell, J.E., Jr,, &
Ivashkiv, L. B. (1995) J. Exp. Med. 181, 1015-1025.

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254.

Wilks, A. F., Harpur, A. G., Kurban, R. R., Ralph, S. J., Zurcher,
G. & Ziemiecki, A. (1991) Mol. Cell. Biol. 11, 2057-2065.
Guschin, D., Rogers, N., Briscoe, J., Witthuhn, B., Watling, D.,
Horn, F., Pellegrini, S., Yasukawa, K., Heinrich, P., Stark, G. R,
Ihle, J. N. & Kerr, 1. M. (1995) EMBO J. 14, 1421-1429.

Van Snick, J. (1990) Annu. Rev. Immunol. 8, 253-278.

Pearse, R. N., Feinman, R., Shuai, K., Darnell, J.E., Jr.,, &
Ravetch, J. V. (1993) Proc. Natl. Acad. Sci. USA 90, 4314-4318.
Nghiem, P., Ollick, T., Gardner, P. & Schulman, H. (1994) Nature
(London) 371, 347-350.

N. Hama, Paliogiamni, F., Fessler, B. J. & Boumpas, D. T. (1995)
J. Exp. Med. 181, 1217.

Ivashkiv, L. B. & Glimcher, L. H. (1991) J. Exp. Med. 174,
1583-1592.

Wang, F., Sengupta, T. S., Zhong, Z. & Ivashkiv, L. B. (1995) J.
Exp. Med. 182, 1825-1831.

Briscoe, J., Rogers, N. C., Witthuhn, B. A., Watling, D., Harpur,
A. G., Wilks, A. F,, Stark, G. R., Ihle, J. N. & Kerr, 1. M. (1996)
EMBO J. 15, 799-809.

Yuan, J., Wegenka, U. M., Lutticken, C., Buschmann, J., Decker,
T., Schindler, C., Heinrich, P. C. & Horn, F. (1994) Mol. Cell.
Biol. 14, 1657-1668.

Stahl, N., Farruggella, T. J., Boulton, T. J., Zhong, Z., Darnell,
J.E,, Jr., & Yancopoulos, G. D. (1995) Science 267, 1349-1353.
Fuhrer, D. K, Feng, G.-S. & Yang, Y.-C. (1995) J. Biol. Chem.
270, 24826-24830.

Chauhan, D., Kharbanda, S. M., Ogata, A., Urashima, M., Frank,
D., Malik, N., Kufe, D. W. & Anderson, K. C. (1995) J. Exp. Med.
182, 1801-1806.

Hunter, T. (1995) Cell 80, 225-236.

Lechleider, R. J., Sugimoto, S., Bennett, A. M., Kashishian, A. S.,
Cooper, J. A., Shoelson, S. E., Walsh, C. T. & Neel, B. G. (1993)
J. Biol. Chem. 268, 21478-21481.

Feng, G.-S., Hui, C.-C. & Pawson, T. (1993) Science 259, 1607-
1611.

Vogel, W., Lammers, R., Huang, J. & Ullrich, A. (1993) Science
259, 1611-1614.

Tauchi, T., Feng, G.-S., Marshall, M. S., Shen, R., Mantel, C,,
Pawson, T. & Broxmeyer, H. E. (1994) J. Biol. Chem. 269,
25206-25211.

Noguchi, T., Matozaki, T., Horita, K., Fujioka, Y. & Kasuga, M.
(1994) Mol. Cell. Biol. 14, 6674—6682.

Klingmuller, U., Lorenz, U., Cantley, L. C., Neel, B. G. & Lodish,
H. (1995) Cell 80, 729-738.

David, M., Chen, H. E., Goelz, S., Larner, A. C. & Neel, B. G.
(1995) Mol. Cell. Biol. 15, 7050-7058.

David, M., Petricoin, E., III, & Larner, A. C. (1996)J. Biol. Chem.
271, 4585-4588. .

Hotamisligil, G.S., Peraldi, P., Budavari, A., Ellis, R., White,
M. F. & Spiegelman, B. M. (1996) Science 271, 665-668.
Schiemann, W. P., Graves, L. M., Baumann, H., Morella, K. K.,
Gearing, D. P., Nielsen, M. D., Krebs, E. G. & Nathanson, N. M.
(1995) Proc. Natl. Acad. Sci. USA 92, 5361-5365.

Yin, T., Tsang, M. & Yang, Y. (1994) J. Biol. Chem. 269,
26614-26617.



